In this paper, a W -band mixer integrated circuit (IC) with high image rejection ratio (IRR) is presented, compensating for the amplitude and phase mismatches between the I and Q channels in the image rejection mixer (IRM) using RF buffer amplifiers. It is shown by analysis and simulation that the signal coupling between the I and Q channels in the IRM can generate mismatches which can severely degrade the IRR, even though other circuit components are symmetrically designed so as not to induce mismatches. The coupling between two channels can become serious, especially in millimeter-wave IRM ICs where the circuit components are laid out in close proximity to reduce the chip size. It is also shown that poor isolation of millimeter-wave couplers can seriously degrade IRR. In this work, we employ an RF buffer amplifier at the RF port of the resistive mixer to compensate for the amplitude and phase mismatches. The designed W -band IRM IC is fabricated in a 0.1-µm GaAs pHEMT process. Measurements show that the bias tuning of the RF buffer amplifiers can minimize the mismatches and improve the IRR by up to 35 dB at RF from 91 to 95 GHz at an IF of 50 MHz. The IRM exhibits an IRR of 19.2-47.9 dB with conversion loss of 7.9-9.2 dB, which belongs to the highest IRR among the reported IRMs in the W -band.
I. INTRODUCTION
The millimeter-wave band (30-300 GHz) is being actively studied for various applications because it provides a wide bandwidth for high-speed wireless communications. It also allows a short wavelength for high-resolution radar and imaging applications such as security, medical imaging, and virtual reality (VR) applications [1] , [2] . High performance millimeter-wave transceivers are required for these applications.
A mixer is an essential circuit component in millimeterwave transceivers. In the receiver, the mixer down-converts radio frequency (RF) input signal to intermediate frequency (IF) by multiplying it with a local oscillator (LO) signal [3] , [4] . The image problem is one of the biggest issues with the practical use of the mixer. The image is located at a frequency that is in either the upper sideband (USB) or lower sideband (LSB) of the LO frequency by IF, The associate editor coordinating the review of this manuscript and approving it for publication was Pu-Kun Liu . and is an unwanted signal in single sideband (SSB) applications. The signals and noise at the image frequency are both downconverted to the same IF as the signal at RF, so that the receiver noise is increased unless it is properly suppressed. An image reject filter can be used in front of the mixer to suppress the image but is not preferred in millimeterwave frequencies due to its high loss and poor suppression capability [5] . Instead, image rejection mixers (IRMs) using a phase cancellation technique are widely used in millimeterwave frequencies. Fig. 1 shows a block diagram of the IRM consisting of core mixers, low pass filters (LPFs), local oscillator (LO) signals, and 90 • phase shifters at RF and IF. The 90 • -phase shifted RF signal is downconverted by the mixer in the Q channel. It is then shifted by 90 • in phase at the IF and combined with the other IF signal from the I channel to cancel out the image at the LSB [6] . The image rejection ratio (IRR) is one of the key performance parameters of the IRMs, representing the power ratio of the IF signal produced by the wanted RF to that by an image frequency. There are several IRM ICs reported in the W -band exhibiting typical IRRs of 16-40 dB [7] - [13] . These values are lower than the results reported for lower frequency IRMs, because of the increased phase and amplitude mismatches between the Q and I channels at high frequencies. Sideband separating mixers have been reported at millimeter-wave and terahertz frequencies for radio astronomy in multi-chip waveguide modules which can entail severe amplitude and phase mismatches between I and Q channels [14] , [15] . Several methods to reduce the mismatches and thus improve the IRR have been investigated. In [9] , the imbalances were reduced by proposing a symmetrical layout of Lange couplers which are one of the key components in IRMs generating quadrature signals. However, the measured IRR is still lower than the value predicted from the performance of the designed couplers. In [7] , an excellent IRR of around 40 dB was obtained by empirically varying RF and LO frequencies across a very wide IF bandwidth (1-12 GHz). However, this experimental method cannot provide the theoretical origin of high IRR or a design guide, and thus cannot be used in practical applications where the IF range is prespecified. In [14] , the operating points of the amplifiers in the multi-chip W -band sideband separating mixer were experimentally optimized to reduce the amplitude mismatches and achieve high IRR. In summary, the previous techniques to enhance the IRR are mostly focused on reducing the mismatches of circuit components or the experimental optimization. Therefore, there has been a limit to the IRRs that can be achieved from the millimeter-wave IRMs.
The main cause of IRR degradation is known to be the amplitude and phase mismatches between the I and Q channels in the IRM. Mismatches can be produced by the imperfect performance of RF, LO and IF couplers, variations in the circuit components such as transistors, resistors and capacitors, and asymmetrical layout. In this paper, we introduce another cause of mismatches, the signal coupling between the I and Q channels which can be induced by the substrate between the closely placed circuit components and the poor isolation of the couplers in the millimeter-wave ICs. We will show that this coupling can increase the amplitude and phase mismatches and significantly degrade IRR. Unfortunately, it is somewhat difficult to accurately predict the amount of mismatch due to signal coupling. Therefore, we introduce an RF buffer amplifier in the IRM to minimize the mismatches and restore high IRR via the adjustment of gate bias voltage. In section II, the effect of amplitude and phase mismatches of IRM on IRR is analyzed. It is shown through simulations that the signal coupling between the I and Q channels in the IRM can generate the mismatches and degrade IRR. In section III, the IRM is designed and the IRR is predicted using full-wave electromagnetic (EM) simulations. A compensation technique for the mismatches induced by the coupling is also presented. The fabrication of the designed IRM using a 0.1-µm GaAs pseudo-morphic high electron mobility transistor (pHEMT) technology and its experimental results are presented in section IV.
II. ANALYSIS OF COUPLING EFFECT ON IMAGE REJECTION
It is known that the IRR is primarily degraded by amplitude and phase mismatches between the I and Q channels of the IRM, as shown in Fig. 1 . Let us refer to the amplitude and phase errors in x A (t) in Fig. 1 as ε and φ • , respectively. The IRR can then be expressed as:
where γ is an amplitude mismatch, or γ = 1 + ε [6] . Fig. 2 shows the calculated IRR using (1) according to amplitude and phase mismatches, demonstrating that the imbalances should be minimized to achieve high IRR.
Mismatches can be produced by the RF, LO, and IF couplers. In millimeter-wave IRM ICs, 90 • couplers generating quadrature signals are commonly implemented using the Lange coupler due to its good performance and small size. This coupled-line coupler should be carefully designed to provide good amplitude and phase matches between two output ports. The in-phase power divider at the RF input of Fig. 1 can be designed using a Wilkinson power divider which allows excellent amplitude and phase matches between two output ports thanks to its symmetrical structure. The IF 90 • coupler can be implemented off-chip to reduce the IC size. It has been reported in several publications that millimeterwave IRM ICs exhibit a measured IRR much lower than the predicted value, even though every circuit component in the IRM is well-designed to have minimal amplitude and phase mismatches [8] , [9] .
We introduce another cause of IRR degradation in IRMs. There inherently exists a coupling between the circuits in the two channels of the IRM ICs. It can be more severe when they are laid out in proximity in order to reduce the chip area in the millimeter-wave IRM ICs. The signal in one channel can be coupled to the other channel via the substrate with high permittivity. Coupling can also be generated by imperfect isolation of the couplers. It will be shown that the signal coupling can produce amplitude and phase mismatches, even if there are no mismatches caused by the circuit components such as transistors and couplers. Fig. 3 (a) shows two network As connected with an ideal Lange coupler which is used at the RF port in the designed IRM as shown in Fig. 1 . The network A represents the circuits in the I or Q channels of the IRM. For simplicity of the analysis, we assume that the two-port network A is perfectly matched at each port and has a transmission coefficient of α 0 • . The coupling coefficients are assumed to be β θ • between the ports on the opposite sides and 0 between the ports on the same sides. The network A is also assumed to be lossless so that α 2 + β 2 = 1. Suppose that an RF signal (V + 1 ) is applied to port 1. Then, the output signals V − 2 and V − 3 are given as follows:
In this derivation, the coupler is also assumed to be ideal with perfect isolation. Each output signal is the vector sum of two signals: the transmitted signal from one input port through network A and the coupled signal from the other input port. The amplitude and phase mismatches between V − 2 and V − 3 can be derived from (2) and (3) as follows:
Therefore, mismatches can exist unless the coupling β is zero. We can find the effect of the channel coupling on IRR by substituting (4) and (5) into (1). The mismatches between output ports 2 and 3 are simulated as a function of the coupling coefficient (β θ • ). Fig. 3(b) shows the simulated S 21 , indicating that the magnitude and phase of S 21 (or S 31 ) deviates from the ideal values as β increases. Furthermore, the amplitude and phase mismatches between the two output ports are severely degraded as β increases as shown in Fig. 3 (c). For β = −10 dB, there is an amplitude mismatch of 6.0 dB at θ = −90 • and phase mismatch of 36.9 • at θ = −180 • .
When the Lange coupler is replaced with a Wilkinson power divider in Fig. 3 (a), S 21 (or S 31 ) will also be different from the ideal value. However, there are no mismatches in the amplitude and phase between the two output ports even though β increases. This is because both output ports are equally affected by the coupling due to the symmetry of the Wilkinson power divider.
In summary, the simulation above verifies that the signal coupling between two channels of the IRM with 90 • hybrid or 90 • phase shifter can generate amplitude and phase mismatches. Fig. 4 shows the calculated IRR as a function of the coupling coefficient (β θ • ) by substituting the mismatches by the coupling (Fig. 3 (c)) into (1) . As expected, IRR dramatically degrades as β increases. It shows very small dependence on θ, which is because the numerator and denominator of the IRR exhibit a small and in-phase dependence on θ. The coupling (β) should be lower than −21 dB in order to obtain an IRR greater than 20 dB for any θ. It will be shown below that the coupling can be higher than this value for the W -band IRM IC. Therefore, the IRR can be seriously degraded by the coupling, even though the other circuit components have excellent amplitude and phase matches. We therefore propose a tuning method using an RF buffer amplifier to minimize the mismatches produced by the coupling as well as other circuit components. 
III. DESIGN OF W-BAND IMAGE REJECTION MIXER

A. RESISTIVE MIXER
The resistive mixer in Fig. 6(a) allows high linearity and a wide bandwidth [14] - [18] . The large LO signal is applied to the gate of the transistor, varying the channel conductance of the transistor to generate IF current as a result of mixing with the RF signal applied from the drain. The IF signal is then extracted at the drain. Drain bias voltage is set to 0 V with gate bias near the threshold voltage for high conversion gain. It is difficult to design a compact IF matching circuit, because the IF is as low as 50 MHz. Therefore, the transistor size (0.1 × 100 µm 2 ) is carefully determined to have an output impedance close to 50 at IF, while a DC blocking coupled line is used at the drain to allow a very high impedance at the IF. Fig. 6(b) shows the simulated conversion gain of the designed resistive mixer as a function of RF from 91 to 95 GHz at a fixed IF. The LO and RF powers are 10.0 and −10.0 dBm, respectively. The simulated USB and LSB conversion gains are nearly identical to −9.7 dB.
B. RF BUFFER AMPLIFIER
The RF buffer amplifiers are employed at the RF input of the resistive mixers, and are used to compensate for the amplitude and phase mismatches. The details will be discussed in a later section. They can also improve the conversion gain and the LO-to-RF isolation. They are designed in a single-stage common-source using a transistor of 0.1 × 100 µm 2 as shown in Fig. 7(a) . Fig. 7(b) shows the simulated S-parameters of the RF buffer amplifier at the gate and drain bias voltages of −0.3 and 2.0 V, respectively. The simulated gain of the RF buffer amplifier is greater than 3.5 dB at 91-95 GHz. In the same frequency range, the RF buffer amplifier allows the reverse gain (S 12 ) lower than −14.0 dB, effectively improving LO-to-RF isolation.
C. COUPLERS
The Wilkinson power divider provides LO signals to the two resistive mixers with equal magnitude and phase. The modified Wilkinson power divider is designed in order to reduce the circuit area, where the isolation impedance is moved from the output ports to the middle of the quarter-wave VOLUME 8, 2020 long line [21] . It exhibits a simulated insertion loss of 0.12 dB and return losses greater than 15 dB with isolation of 18.0 dB at 93 GHz. It does not exhibit any imbalances between the two output ports, since they have a symmetrical structure.
The RF signal is applied to the two mixers through a Lange coupler which generates the quadrature RF signals. The designed Lange coupler has a simulated insertion loss of about 0.55 dB and return losses greater than 15 dB with isolation of 15.6 dB at 93 GHz. The amplitude and phase imbalances between the two output ports at a frequency of 93 GHz are 0.05 dB and 0.26 • , respectively.
In order to save the chip area, a commercial IF 90 • hybrid (JSPQW-100 by Mini-circuits) is utilized to combine the two IF signals. It will be wire-bonded to the IRM ICs. It exhibits measured amplitude and phase mismatches of 0.16 dB and 0.16 • at the target IF, respectively. Fig. 8(a) shows the layout of the IRM IC using the designed resistive mixers, RF buffer amplifiers, LO and RF couplers. The chip size is 1740 µm × 1550 µm. Note that the circuits in the I and Q channels are identical. They are simulated using a full-wave EM simulator (Momentum in Advanced Design System (ADS)) as shown in Fig. 8(b) . To investigate the effect of the coupling on IRR, two EM simulations are performed on the circuits in the I and Q channels. In the half circuit simulation, the circuit in one channel is EM-simulated and used to represent the circuit in the other channel. Therefore, the half circuit simulation does not account for the coupling between the I and Q channels. Conversely, the full circuit simulation simulates the entire circuit of both the I and Q channels at the same time, and thus includes the effect of the coupling between the two channels. The EM simulated data is given in S-parameters as a function of frequency, and is combined with the non-linear transistor models which express the time-domain behavior of the transistor. Finally, the LO, RF, and IF couplers are connected for the harmonic balance simulation in ADS to predict the performance of the IRM. Fig. 9 compares the conversion gain and IRR of the IRM between the half and full circuit simulations. The half circuit simulation (without the coupling) exhibits a conversion loss of −5.8 to −7.2 dB and IRR of 33.0-34.5 dB, when RF and LO frequencies are swept from 91.00 to 95.00 GHz and from 90.95 to 94.95 GHz, respectively, at an IF of 50 MHz. LO and RF powers are 10.0 and −10.0 dBm, respectively. In the full circuit simulation under the same conditions, IRR is significantly degraded by around 15 dB, caused by the signal coupling between the I and Q channels. The USB conversion loss is also degraded by 1.4 dB.
D. SIMULATION OF IRM
The expected IRR degradation can be predicted by determining the increased amplitude and phase mismatches in the full circuit simulation. For this purpose, another simulation is performed, where only the RF signal is applied with the LO and IF ports terminated with 50 . Fig. 10 shows the voltage waveforms at the RF ports of the resistive mixers (RF m1 and RF m2 in Fig. 5 ). In the half circuit simulations, amplitude and phase mismatches are 0.08 dB and 0.8 • , respectively. They increase to 2.78 dB and 11.9 • , respectively, in the full circuit simulation, which predicts an IRR of about 14.4 dB by (1) . In summary, it can be stated that the signal coupling between two channels can increase the amplitude and phase mismatches, leading to a severe IRR degradation.
It should be noted that coupling between two channels can also be generated by imperfect isolation of the couplers. This is actually the reason why the IRR is only around 34 dB even in the half circuit simulation as shown in Fig. 9(b) . In order to explain this fact, the IRR is calculated in the half circuit simulation dependent on the isolation of the Lange and Wilkinson coupler. In this simulation, both couplers are assumed to have perfect matches in amplitude, phase, and input impedance. Fig. 11 shows the simulated IRR as a function of the isolation of the couplers. It can be seen that the isolation of the Lange coupler has a more dominant effect on the IRR degradation than the Wilkinson coupler. The IRR is degraded from 61.3 dB to 27.2 dB as the isolation of both couplers decreases from 70 dB to 10 dB. The designed Lange coupler exhibits a 15.6 dB isolation which produces an IRR of 32.4 dB as shown in Fig. 11 . By contrast, the simulated IRR is only 19.5 dB when the couplers are assumed to have perfect isolation in the full circuit simulation. Therefore, it can be concluded that the signal coupling between two channels has a more dominant effect on the IRR degradation than the isolation of the couplers.
E. MISMATCH COMPENSATION
The signal coupling is highly dependent on the circuit layout and factors including the distance between the lines, the line 
length, and the matching components (open or shorted stubs).
It is also affected by the isolation performance of the real Lange couplers. It is therefore somewhat difficult to accurately predict the value of the coupling and compensate for the mismatches in the design stage. We propose a compensation technique that can be applied after the circuit fabrication, namely the gate voltage adjustment of the RF amplifier which is located at the RF port of the resistive mixer, as shown in Fig. 5 . Fig. 12 shows the simulated gain and phase variation of the RF buffer amplifier at a frequency of 93.0 GHz as a function of gate bias voltage (V gg ) with a fixed drain bias voltage V dd = 2 V. As V gg increases from −0.7 to −0.3 V, the gain and phase are adjusted from 1.2 to 3.9 dB and from 10.7 • to 21.5 • , respectively. Therefore, the mismatches (the amplitude by 2.8 dB and phase by 11.9 • in the full circuit simulation above) can be compensated for by applying different gate biases to the RF buffer amplifiers in the I and Q channel. We set V gg1 to be −0.3 V for the RF buffer amplifier 1 (Q channel). The gate bias voltage (V gg2 ) of the RF buffer amplifier 2 (I channel) is then altered from −1.0 to 0.0 V, and Fig. 13 shows the conversion gain and IRR. It can be seen that the IRR is greatly improved from 17.2 to 31.1 dB at the cost of an increased conversion loss from 7.7 to 9.5 dB, when V gg2 is tuned to −0.7 V. It is found from the simulation that at this bias condition, the amplitude and phase mismatches of the RF signals are greatly reduced to 0.05 dB and 1.45 • , respectively.
IV. EXPERIMENTAL RESULTS
The designed IRM was fabricated using a 0.1-µm GaAs pHEMT process. The diced chip and IF coupler were mounted on the printed circuit board (PCB) in a CER-10 substrate and connected by bonding wires. Fig. 14 shows photographs of the fabricated chip and IRM module. The size of the entire module is 6.5 cm × 8.5 cm. Fig. 15 shows the measurement setup of the IRM module. The W -band RF and LO signals are generated using low-frequency signal generators, frequency multipliers, and power amplifier modules, and applied to the chip via an onwafer probe. The powers of the applied LO and RF signals are measured using directional couplers and power meters. The IF signals in the I and Q channels are combined by the IF 90 • hybrid through bond wires, and its output power and frequency are measured by the spectrum analyzer. The conversion loss of around 7.7 dB and the IRR of 9.5-14.4 dB was measured when the same gate voltage of −0.3 V was applied to two RF buffer amplifiers. When the gate bias voltage of the RF buffer amplifier 2 was adjusted to −0.7 V, the IRR was significantly improved to 19.2-47.9 dB with a conversion loss of around 8.7 dB.
The measured IRR is higher than 30 dB across the RF bandwidth of 1.2 GHz which is limited by the variation of the signal coupling with RF frequency. Fig. 16 (b) demonstrates that the proposed gate voltage adjustment can improve the IRR across a bandwidth wider than 4 GHz (91-95 GHz) compared with the case without the gate voltage adjustment. The measured input 1-dB compression point was as high as 11.0 dBm. The isolation characteristics of the IRM were also measured to have LO-to-RF and RF-to-LO isolations greater than 25 and 19 dB, respectively. Fig. 17 shows the measured conversion gain and IRR of the IRM module as a function of IF with an LO frequency of 93 GHz. The conversion loss and IRR were measured to be around 7.7 dB and 5.9-12.3 dB, respectively, at the same gate voltage of −0.3 V for the two RF buffer amplifiers. The IRR was significantly improved by tuning the gate bias voltages of the RF buffer amplifiers. The maximum IRR of 50.6 dB was obtained at an IF of 70 MHz with V gg1 and V gg2 of −0.3 and −0.7 V, respectively. The measured IRR is greater than 33.6 dB across the very wide IF bandwidth from 20 to 80 MHz. The IF bandwidth of the IRR was limited by the amplitude and phase mismatches of the off-chip IF coupler. Table 1 shows a comparison of the published W-band IRMs which were fabricated using transistor technology with a high fmax such as pHEMT or mHEMT. Most of them utilized passive mixers as a mixer core such as resistive or diode mixers. Some of them have a low noise amplifier (LNA) and LO amplifier to increase conversion gain and reduce LO power level. This table demonstrates that the mixer developed in this paper exhibits the highest IRR among the W -band IRMs in spite of a relatively narrow bandwidth.
V. CONCLUSION
In this work, we showed that amplitude and phase mismatches can be generated by the signal coupling between the I and Q channels in the image rejection mixer. This coupling can severely degrade the image rejection ratio, especially in millimeter-wave image rejection mixer ICs, even though no particular circuit component introduces the amplitude and phase mismatches. It is also shown that the imperfect isolation of the couplers can degrade the image rejection ratio. To the best of the authors' knowledge, the effect of the isolation of two channels on the image rejection ratio has not been addressed in previous publications.
In order to achieve a high image rejection ratio, the two channels of the image rejection mixer should be sufficiently separated in the layout and by designing the couplers (especially 90 • hybrid) with high isolation. However, we found from the simulation that separating the two channels in the layout has a limitation of the IRR improvement (due to the substrate coupling).
We demonstrated that mismatches due to the coupling as well as circuit components can be compensated for by employing the RF buffer amplifiers preceding the core mixers. The proposed approach allows an optimum bias tuning to achieve high image rejection ratio after the chip is fabricated. We believe that the designed mixer with high image rejection ratio can be effectively applied to high performance W-band wireless transceivers.
